The formations and characteristics of oxides on the surfaces of the plasma-treated Ti-Nb-Hf alloys were investigated by employing X-ray photoelectron spectroscopy, X-ray powder diffractometer and scanning electron microscopy. Further, the non-treated and plasma-treated specimens were incubated in phosphate-buffered saline (PBS) containing albumin to evaluate their biocompatibility. The results indicate that through O 2 -plasma treatment, the thickness of the oxide layer increases, and the surface roughness improves, exhibiting little protuberances and numerous micropores and cavities on the treated surface. The compositions of the oxide layers in the specimen without O 2 -plasma treatment consist of TiO, Ti 2 O 3 and TiO 2 , and the oxides transform to mainly TiO 2 as the specimen is treated with O 2 -plasma. In addition, the formation of nitrides by allylamine plasma treatment can provide amino-group linkings for the attachment of albumin. Plasma oxidation and polymerization are believed to improve biocompatibility and therefore promote osseointegration.
Introduction
Implantable metal-based biomaterials are designed to replace part or all of the associated functions. Among them, Ti-Nb-based alloy is one of the commonly applied implant biomaterials. [1] [2] [3] Due to the fact that the implant surface will contact the host tissue directly, the surface characteristic will play an important role in determining implants' biocompatibility. However, the surface characteristics of biomaterials may change or degrade with time, mainly due to contamination. 4) Therefore, particular attentions must be paid to the stability of the biomaterial surfaces, because any changes in microstructures and/or compositions will influence the host response after implantation.
5) The biocompatibility of titanium and titanium alloys are attributed to the native surface titanium oxide. However, the native oxide layer is very thin and may also contain many defects. These drawbacks may cause ions to release into the human body, and also may impair the bonding between the implant and the bone. Various methods or techniques for enhancing biocompatibility have been proposed and studied, including wet chemical method, self-assembled monolayer technique, and glow discharge plasma treatment.
The glow discharge plasma treatment and related techniques are well-established methods for surface cleansing and processing in the microelectronic industry. [6] [7] [8] These techniques are also currently under scrutiny in biomaterials researches, where they are adopted for modifying implant surfaces. 9) Plasma treatments are commonly used to cleanse the surfaces and to increase the surface energy of biomaterials for use in biologic evolution. [10] [11] [12] [13] [14] [15] [16] The potential of the plasma treatment for sterilizing implants has also been noted. 17) The plasma treatment provides with a simple, all dry and in situ process for chemically tailoring surfaces without compromising the inherent, favorable bulk properties of the biomaterials. Although plasma techniques have been frequently studied in implant biomaterial researches, information regarding mechanisms for surface oxidation and modification still remain scarce. On the other hand, plasma polymerization of allylamine had been employed in the past several years to provide functional groups for immobilization of albumin on commercial titanium and Ti-6Al-4V alloy surfaces to enhance bioactivity. 16, 18) Some researchers reported that higher amounts of protein present on the implant surface can provide better tissue healing and hence better osseointegration. 18) The present authors have developed certain Ti-Nb-based alloys, 2) e.g., Ti-40Nb-1Hf, which has been shown to exhibit excellent properties combination of relatively high strength and low modulus (UTS: 893 MPa, 0.2% Proof stress: 841 MPa and E: 65 GPa), and can be considered quite suitable for implant applications. Therefore, this study chose Ti-40Nb-1Hf alloy as the subject alloy, and was conducted with the following two objectives: Firstly, to investigate the effect of surface treatment or modification by employing glow discharge plasma treatment (Ar-and O 2 -plasma) on the surface characteristics of Ti-40Nb-1Hf alloy. The characteristics of the plasma-treated surfaces of Ti-40Nb-1Hf alloy were analyzed by using X-ray photoemission spectroscopy (XPS), X-ray powder diffractometer (XPRD), scanning electron microscopy (SEM) and atomic force spectroscopy (AFM). Secondly, to evaluate the biocompatibility of the alloys which were Ar-and O 2 -plasma treated and plasma polymerized (allylamine) by incubating in phosphate-buffered saline (PBS) containing albumin.
Experimental Procedures

Alloy preparation
Ti-40Nb-1Hf ingots were prepared using pure titanium (99.7 mass% in purity), pure niobium (99.8 mass% in purity) and pure hafnium (99.98 mass% in purity). The weighed charge materials (some 400 grams) were placed in a water-cooled copper crucible and then melted using a non-consumable tungsten electrode arc in a vacuum chamber. The melting chamber was first evacuated and then purged with argon. An argon pressure of 0.1 MPa was maintained throughout the melting process. The ingots were re-melted four more times to achieve chemical homogeneity. The solidified Ti-40Nb-1Hf alloy ingots were homogenized at 1000 C for 6 hours in a vacuum of better than 0.27 Pa, and then hot-rolled at 750 C into plates with a thickness of approximately 2 mm. The final rolled specimens were again annealed at 700 C for 1 hours, and then furnace cooled to room temperature.
Specimens preparation
The specimens used for this study were first prepared to 2-mm-thick plate specimens, and then were polished successively using 600, 800, 1000, 1200, and 1500-grit SiC metallographic papers. Following the polishing process, the specimens were cleansed in methylethylketone for 5 minutes, washed in distilled water for 20 minutes, acid pacified in 30% nitric acid for 30 minutes, and then rinsed again in deionized water for 20 minutes prior to loading into the plasma vacuum system. The surfaces of the specimens were treated with O 2 -plasma having various powers from 80 W to 280 W, with a treatment time of 1200 seconds. The oxygen pressure of 250 mTorr was maintained throughout the plasma treatment process. After O 2 -plasma treatment, some specimens further received in-situ allylamine plasma treatment. The specimens with and without allylamine treatments were immersed in a 1% glutaraldehyde solution for 4 hours at 25 C, and then rinsed with 0.1 M phosphate buffer (pH adjusted to 7.0 with NaOH). The specimens were then soaked in a solution containing albumin dissolved in phosphate buffer for about 12 hours. For discussion, the Ti-Nb-Hf alloys without plasma treatment, with O 2 -plasma treatment, with allylamine plasma treatment, and with allylamine and O 2 -plasma treatments were designated as TN, O-TN, Ally-TN and Ally-O-TN, respectively.
Evaluation of surface characteristics of Ti-alloy
To study the surface characteristics of the Ti-40Nb-1Hf alloy without and with O 2 -plasma treatment, SEM and AFM were employed to analyze the surface morphology and surface roughness, respectively. For AFM surface roughness analysis, the specimens were scanned over an area of 5 Â 5 mm 2 , with 512 scans performed at a scanning rate of 1 Hz in the contact mode. The thicknesses of the oxide layers on the specimens without and with plasma oxidation were measured by secondary ion mass spectrometer (SIMS). The surface compositions of the specimens were analyzed by XPS with a monochromatic Al K source, in which highresolution scans were performed for Ti, C, O, and N using an X-ray beam with an approximately 15 nm diameter. X-ray powder diffractometer (XPRD) was employed to identify the phases present in the surface layers. The incident angle of the X-ray was fixed at 1 . The X-ray diffractometer with a Nifiltered Cu K radiation source was operated at 40 kV, 150 mA, 1 deg/min scanning rate and 30$75 scanning range. To realize the aqueous wettability of the treated alloys, the contact angles, determined using drops of ultrapure distilled water, were measured using a FTA-32 video contact angle system (First Ten Angstrom Inc., USA) at room temperature.
2.4 Biocompatibility of Ti-alloy without and with surface modification For immunolabeling of albumin-linked Ti-Nb-Hf alloy, the specimens were incubated in 0.01 kmol/m 3 phosphatebuffered saline (PBS, pH 7.2) that contains 1% ovalbumin for 10 minutes to block nonspecific sticking, and then were incubated for 90 minutes in a rabbit anti-rat albumin antibody (Cappel) at a dilution of 1 in 250. Specimens were then rinsed in PBS and again briefly exposed to PBS-ovalbumin as described above. For identifying the sites of antibody-antigen binding, the specimens were incubated with the protein Agold (8 nm) complex for 30 minutes. The controls were incubated with a non-immune antibody, which was followed by protein A-gold. The specimens were rinsed with PBS and distilled water, and then were examined by SEM. Figure 1 shows the SEM images of the surfaces of Ti40Nb-1Hf alloy before and after plasma oxidation. Numerous protuberances and micropores and cavities are clearly visible on the surface of TN specimen, as shown in Fig. 1(a) . On the other hand, little protuberances, but still with many micropores and cavities, can be detected on the surface of O-TN(280 W) specimen (Fig. 1(b) ). Figure 2 shows the change in RMS surface roughness as a function of plasma treatment Enhancement of Biocompatibility on Bioactive Ti-Nb-Based Alloy by High-Density Plasma Modificationpower. Note that the surface roughness improves as the plasma power increases, with 134.9 nm and 55 nm being registered for TN and O-TN(280 W), respectively. The TN specimen exhibits a relatively rough surface owing to the polishing effect during the specimen preparation. While, sputtering and/or stuffing due to the bombardment and reactions of high energy radicals and ions during plasma treatment may account for the smoothness of the treated surfaces. The fact that plasma treatment improves the surface roughness obtained herein is in agreement with that reported by Aronsson et al.
Results and Discussion
Surface characteristics of TN and O-TN specimens
13)
The measurement results of the thicknesses of the oxide layers by means of SIMS are presented in Fig. 3 , in which the thicknesses of the oxide layers have been found to increase moderately as the specimen is treated with O 2 -plasma, and then slightly increase with increasing plasma power from 80 W to 280 W. Figure 4 illustrates the cross-sectional SEM images of Ti-40Nb-1Hf alloy without and with plasma oxidation (280 W). In the process of O 2 -plasma treatment, oxygen diffusion and subsequent formations of oxides account for the increase in oxide layer thickness. Similar results have also been obtained by Aronsson et al., 13) who reported a thickness range of 0:5$150 nm of oxide layer analyzed by AES after O 2 -plasma treatment. As pointed out in the literature, the implant biomaterials with a relatively thick and dense oxide layer not only exhibit better biocompatibility, 19, 20) but also have greater resistance to diffusion of metallic ions from the implants into the human body. 21) Therefore, the increase in thickness of the oxide layer in Ti-40Nb-1Hf alloy brought about by O 2 -plasma treatment can also be expected to promote biocompatibility of this alloy.
The results regarding the aqueous wettability tests are indicated in Fig. 5 . It reveals that the contact angle is reduced (or the wettability is improved) as the specimens were treated with O 2 -plasma, and is further decreased with increasing O 2 -plasma treatment power. Due to the fact that the thickness of the surface oxide layer increases with O 2 -plasma treatment, one can conclude that a thicker surface oxide layer would have better wettability. An improved wettability has been found to promote the interaction between the biological fluid and the implant surface, 22) and also to enhance tissues healing through cell proliferation, adhesion and differentiation. 23, 24) Therefore, O-TN specimens (with plasma oxidation) can be expected to have better biocompatibility and osseointegration than TN specimens (without plasma oxidation). Figure 6 displays the XRPD spectra for specimens TN, O-TN(80 W) and O-TN(280 W). In all three specimens, the primary matrix phase is -Ti. However, for both specimens of O-TN(80 W) and O-TN(280 W), TiO 2 peaks can be detected. The results indicate that O 2 -plasma treatment induces the formation of TiO 2 oxide of Ti-40Nb-1Hf alloy. The analyses of the compositions of the surface layers without and with O 2 -plasma treatment were performed by using XPS, with the results being presented in Fig. 7 . Figure 7 (a) shows the Ti2p spectra for specimens TN and O-TN(280 W). For specimen TN, the binding energies for Ti2p 3=2 and Ti2p 1=2 are located at 455.9 eV and 462 eV, respectively, which correspond respectively to TiO and Ti 2 O 3 . On the other hand, for specimen O-TN(280 W), the binding energies for Ti2p 3=2 and Ti2p 1=2 are located at 459.3 eV and 464.6, respectively, both energies correspond to TiO 2 . It then can be concluded that the compositions of the oxide layer were changed from TiO and Ti 2 O 3 to mainly TiO 2 when the alloy was treated with O 2 -plasma. Using a computer assisted Gaussan-Lorentzian peak model to curve fit the spectra, the results for the Ti2p spectra of specimens TN and O-TN are shown in Fig. 7(b Figure 8 illustrates the SEM micrograph of the surface of specimen TN after allylamine plasma polymerization, where micropores and cavities are evident. Figure 9 presents the N spectra for Ally-TN specimen by means of XPS analysis. The presence of N 1s peak implies that the alloy surface has been nitrided by allylamine plasma. An emission peak was observed around 400.4 eV in the N 1s spectrum, close to that obtained in an oxy-nitrided environment. 25) This peak at around 401 eV is related to the presence of nitrogen atoms or molecules at the interstitial sites.
Surface characteristics of Ally-TN specimens
26) The nitrogen was also observed in apatite deposition prepared by mixing chemical solutions of bovine serum albumin (BSA) and Hank's balanced salt solution (HBSS).
27)
Biocompatibility of TN and Ally-TN specimens
In order to evaluate the effect of allylamine deposition and oxygen plasma treatment on albumin adhesion, we selected TN, Ally-TN and Ally-O-TN specimens and incubated them in albumin solution. Figure 10 shows the SEM morphologies of the surfaces of TN, Ally-TN and Ally-O-TN after albumin incubation. In this study, immunogold labeling was used to detect albumin. Circular spots and clusters (indicated by arrows) can be observed on the surfaces of Ally-TN and Ally-O-TN as shown in Figures 10(b) , 10(c) and 10(d), but not in TN specimen (Figure 10(a) ). In addition, the number of albumin adsorbed onto the Ally-TN specimen without O 2 -plasma is less than that of the Ally-O-TN specimen which is treated with O 2 -plasma. Furthermore, the amount of albumin adsorbed onto the Ally-O-TN specimens increases with increasing O 2 plasma power.
Conclusion
This study employed glow discharge plasma treatment (Ar-and O 2 -plasma) to modify the surfaces of Ti-40Nb-1Hf alloy, and then further performed allylamine plasma plus albumin incubation to evaluate the effect of surface modification on alloy biocompatibility.
Based upon the results obtained in this study, the following conclusions can be drawn:
(1) Through O 2 -plasma treatment, the thickness of the oxide layer increases, and the surface roughness improves, with the treated surfaces exhibiting little protuberances, but having numerous micropores and cavities. (2) The compositions of the oxide layers in the specimen without O 2 -plasma treatment consist of TiO, Ti 2 O 3 and TiO 2 , and the oxides transform to mainly TiO 2 as the specimen is treated with O 2 -plasma.
(3) The surface of the alloy is nitrided by allylamine plasma treatment, which provides amino-group linkings for the attachment of albumin. (4) Plasma oxidation and polymerization not only improve the wettability, but also enhance albumin adsorption of Ti-40Nb-1Hf alloy, and therefore, the treated alloy is believed to attain better biocompatibility and osseointegration. 
